Metals are known to exhibit mechanical behaviour at the nanoscale different to bulk samples. This transition typically initiates at the micron-scale, yet existing techniques to produce micron-sized samples often introduce artefacts that can influence deformation mechanisms. Here, we demonstrate the casting of micron-scale aluminium single crystal wires by infiltration of a salt mould.
MAIN ARTICLE TEXT
There is a transition in the plastic deformation of metallic samples as their size falls below 10 to 100 µm: as the sample size decreases, its flow stress increases sharply and the progression of plastic deformation is no longer smooth, proceeding instead in bursts that often show scaling characteristics of self-organized criticality (recent reviews are in Refs. [1] [2] [3] [4] [5] [6] ). Understanding this transition from macro-to microplasticity has been a long-lasting challenge, in part because most small-scale metal samples are fabricated using processes completely different from those used when making samples of bulk metal. Typically, micron-range samples of metal for mechanical testing are made using either (i) thin-film deposition methods, which generally produce metals having small grains and a high defect population, (ii) Focused Ion Beam (FIB) micromilling, which introduces a layer of irradiated, gallium-implanted material along the sample surface [7] [8] [9] [10] [11] , or (iii) selective dissolution [12, 13, 14] .
Each of these methods has its advantages, but none straddles the wide range of sizes across which one sees the transition from small-scale to bulk plasticity.
Here, we show how the age-old process of metal casting can be made to cross the gap from macro to micro sample sizes. We show that aluminium can be cast into tiny moulds to produce singlecrystalline wires of high geometric perfection having a diameter D as small as 6 µm and lengths of ~1 mm, far longer than can be achieved with conventional microsamples. Tension tests on these microcast wires display a size effect in flow stress, show a transition to burst-like "crackling" deformation and also, by virtue of their exceptional aspect ratio, yield extensive data on the statistical distribution of slip bursts up to sizes one order of magnitude larger than those seen in micropillars (up to 1 µm vs. up to 100 nm). The smaller cast microcrystals furthermore meet the upper limit of what can nowadays be simulated using large-scale 3D Discrete Dislocation ("DD") codes, where individual dislocations and their movement are directly simulated [1, 2, 15] . DD simulations "at scale" agree quantitatively and qualitatively with data collected in the microwires, which in turn enables the identification of mechanisms that explain the observed wire deformation behaviour.
The state of the art in microcasting uses polycrystalline moulds of ceramic or plaster [16, 17] . This produces metallic specimens a little under a millimetre wide, which is above the threshold for probing small-scale plasticity. We push here the state-of-the-art and demonstrate production of what are, to our knowledge, the smallest shaped aluminium castings in the world. Achieving precision casting at the micron scale required that some physical barriers be overcome. First, metals do not wet most mould materials and have high surface tensions; this prevents the spontaneous flow of molten metal into very small mould cavities. Second, the mould material must be shaped to high precision and must be easy to separate from the fragile microcasting. Figure 1 illustrates the process; details are given in the Methods section and the Supplementary Information (SI). To overcome capillary forces, we pressurize the metal. We use shaped single-crystalline moulds because, at the microscale, any grain boundary along the mould wall will groove during heat-up, producing a sizeable surface defect on the casting. Our moulds are made by growing NaCl single crystals around an organic fibre. After drying and then heating in air to pyrolize the fibre, one obtains NaCl singlecrystals containing a hollow having the shape of the fibre, which is then infiltrated with pressurized molten aluminium. Once solidified, the metal is gently freed from the mould by dissolution in water.
This creates cast aluminium microwires that are monocrystalline, pore-free, smooth to within a few tens of nanometres, one to three millimetre long, and that have a tailored diameter D between 6 and 100 µm, Figs. 1c-e.
A few castings were observed in the Transmission Electron Microscope (TEM), see the SI. The initial dislocation density is around 1.2´10 11 m -2 and 1.4´10 12 m -2 in a FIB-milled TEM lamellae produced from 15 µm and 7 µm diameter wires, respectively. These values are not very precise, since FIBmilling had to be used to extract thin sections of the wires; the important point is that they are low and typical of annealed bulk metal. Given their high aspect ratio, the wires are amenable to tensile testing. Tensile tests were conducted at room temperature and at a displacement rate of 300 nm/s, see Methods. Force and wire elongation measurements were collected at 50 kHz and 50 Hz respectively; the high sampling rate for the force data permits detection and measurement of sudden load drops observed during the test (see Methods and SI). All wires were tested up to tensile failure. The dependence on crystal orientation is strong: the global work hardening rate decreases as the number of active stable slip systems decreases from three (wire axis ~ <111>) to two (wire axis ~ <112>) to one (all other orientations including <011>). As the number of stable glide systems decreases, the flow curve also becomes increasingly serrated, displaying sudden stochastically distributed displacement jumps, manifest as sudden decreases in stress. Large displacement jumps essentially disappear, giving nearly smooth stress-strain curves when 13 or 14 µm wires are oriented along the <111> direction, where three slip systems operate simultaneously [1] .
The increase in flow stress with decreasing D, Fig. 2d , is proof that the "plasticity size effect" is manifest in these castings. At small D the flow stress varies strongly from sample to sample; collating the data shows that (within the significant scatter) the flow stress increases as 1/D for 6 µm ≤ D ≤ 100 µm, consistent with data for drawn, annealed and leached bamboo-structure aluminium wires [18] , for aluminium micropillars [19] , and for submicrometre (copper-containing) primary a-aluminium crystals leached from the Al-Al 2 Cu eutectic [12] . 110 µm diameter wire with slip traces along mainly one glide system; (b) 19 µm diameter wire with an <110> initial crystallographic orientation deformed by shear along 1 glide system; (c) when the initial orientation approaches the <001>-<111> boundary line, slip steps from a second glide system become more and more pronounced, until both systems are equally distributed when the sample direction is along that line (as is the case for this sample); (d) 15 µm diameter microwire with a crystallographic orientation close to the <111> corner: such wires exhibit few and small slip steps coming from two or three different glide systems; (e) a 7 µm diameter wire that failed below 10% plastic strain; it deformed by glide along mainly one system and then failed by highly localized slip at one location (small colour symbols are to guide the reader when consulting the full collection of data in the Supplementary On-Line Material).
The most interesting feature of the present data (Figs. 2a,b) is that, as D decreases and for wires oriented such that one or two slip systems are activated, the deformation proceeds via increasingly dominant sudden plastic flow bursts. Similar intermittent, burst-like, deformation was observed with FIB-machined samples in compression (e.g. (Figs. 4c,d ). In the smallest wires, slip steps become so irregular that failure can suddenly occur if glide along one plane goes too far (Fig. 4e ).
As seen in Fig. 3 , the DD simulations reproduce the displacement bursts observed in experiments, especially under load control (Fig. 3c) , which approximates the experimental loading better than does displacement control (see SI). Figure 3c shows three important features: (i) the simulated displacement bursts can be large (note that, when bursts are computed into strain, the smaller size of the simulated domains amplifies the size of bursts compared to experimental wire data), (ii ranges explored here; (e) single-arm source stoppage captured by DD simulation in a 6 µm wide <001> orientation crystal at t = 32s: a rotating one-armed dislocation source (see blue arrow) pinned at one extremity (see red arrow) has generated extensive slip while cross-slipping continually then, at t = 33s (f), it stops concomitant with formation of a second pinning point (second, right-hand, red arrow) and a short segment on the cross-slip plane along the arm length (green arrow; see film in Supplementary Information for a better and more complete view of the dynamics).
With their very high aspect ratio, tensile tests on the microcast Al crystals give statistically significant numbers of large-amplitude displacement bursts. To measure the amplitude distributions, load-time data were collected at high frequency and were then treated to extract unambiguous load drops along the curves for all samples reported here (see Methods and SI). A simple analysis of the local average stress variation during each burst (see SI, Eq. S-8) shows that the decrease in stress driving dislocation activity during the bursts is relatively low.
Recorded stress drops were converted into shear displacements. The resolution of our apparatus allowed for the unambiguous detection of load drops of 75 µN or higher, corresponding to sudden slip displacement events of amplitude above a sample-dependent value below 200 nm. Summing these measured larger displacement bursts shows that the total strain due to these many larger events corresponds to ~40-50% of the total plastic strain in wires with D ≤ 20 µm oriented for easy glide. In other words, detected displacement bursts are an essential element of the stress-strain behaviour of the wires.
The complementary cumulative distribution function of displacement burst sizes x is shown in Fig.   5a -c for wire diameters 18-100 µm, 13-15 µm and 7 µm, respectively, in semi-logarithmic form, plotting in Fig The DD simulations show that large plastic bursts correspond to the independent operation of singlearm-sources rotating many times across the sample before stopping. These sources are independent, and if their stopping is a random stochastic event then both the probability distribution and the cumulative probability distribution are exponential, as seen experimentally (Fig. 4) . The major remaining question is "what stochastic event causes a triggered arm source to stop?" A first mechanism is the fact that the applied stress decreases to some extent during a strain burst (see SI and the above application of the analysis in Refs. [24, 31] ). A second is source unpinning: this was observed by Mompiou et al. [12] to occur via cross-slip of the fixed source arm and shown in simulations of Motz et al. [33] to occur by lock unzipping or reaction with other dislocations. Our DD simulations, in which pinning points remain fixed, and also the experimental data, give evidence of other mechanisms: in the larger samples explored here, displacement burst cessation can also be caused by events involving cross-slip of the moving arm and by lock formation. The importance of cross-slip is apparent in the data: Fig. 5d indicates that, as the resolved shear stress on the cross-slip plane increases, so does the propensity for burst cessation. Removing cross-slip from the code with all else unchanged increases significantly the amplitude of displacement bursts, Fig. 3d (note also that the long burst in Fig. 3d ended on its own: cross-slip aids burst cessation but is not a necessary condition). Essentially removing cross-slip and lock formation was also produced experimentally, by casting and testing a few microcast wires of pure magnesium; see the SI. In microcast magnesium wires oriented for glide along the basal plane slip, once initiated, only stops once the basal plane has rotated so far off its initial orientation that the resolved shear stress has strongly decreased, turning deformed cylindrical magnesium wires into thin ribbons. Here slip proceeds by the propagation of a strongly slipped region, spreading along the wire length, unlike aluminium, where slip bursts start and stop stochastically along the wire length.
Looking in detail at sequential dislocation configurations extracted from the DD simulations gives hints as to how cross-slip of the moving arm drives source cessation. If one watches carefully the films (see SI), one notices that there are only a few pinning points around which an arm rotates consistently to generate a large localized displacement burst. Figure 5e shows a snapshot near one such pinning point at the moment when its corresponding rotating dislocation arm (shown by the blue arrow in the snapshots) is just about to stop turning. Earlier, while turning, this arm crossslipped many times: cross-slip of the turning arm thus did not per se cause cessation of the displacement burst. Rather, when motion of the arm suddenly stops, on the next frame (see Figure   5f ), one notices that it now contains a short segment in the cross-slip plane shown by the green arrow in the snapshot. Similar events can be spotted elsewhere in the simulations (e.g., at t = 43 s in the same film, to the left of the pinning point on Fig. 5e (see SI) ). This suggests that stochastic source blockage involves either (i) cross-slip driven within the complex stress landscape of the sample to generate only a portion of (blocking) cross-slipped arm along its length, or (ii) a combination of crossslip and sessile lock formation by interaction of the source dislocation with forest dislocations.
Since cross-slip is a random stochastic event the mechanism proposed here rationalizes the exponential distribution of large displacement bursts. That the halting of single-arm-source operation can be connected with cross-slip then points to why larger slip burst statistics do not depend strongly on D: the probability for cross-slip increases with the length of the dislocation arm and with the applied stress, in roughly linear fashion. Now, the arm length scales as ~D and the stress scales as ~1/D, so that the product is approximately independent of D. A corollary is that, as D increases, with a relatively constant upper limit on burst amplitudes, serrations become increasingly less visible on stress-strain curves (see Eq. S-8 of the SI).
In conclusion, using a novel fabrication method to create long-length specimens over a range of diameters down to 6 µm, we find 1/D scaling and plasticity dominated by large displacement bursts having an exponential distribution, with distinct dependence on single vs. multiple slip. DD simulations show that the size scaling and bursts are associated with the operation of single-armsources, and that the cessation of source operation is linked with cross-slip. Macroscopic samples are unfortunately still beyond the limit of what large-scale DD simulations can currently tackle; however, once this becomes possible, experiment will accompany simulation step-by-step because metal casting has crossed the bridge from micro to macro. This age-old process can indeed now produce samples seamlessly spanning the entire range from microcrystals up to the macroscopic single crystals that were grown and tested in the earliest studies of crystal plasticity.
Methods

Casting aluminium microwires
The aluminium microcasting process that we have developed combines pressure infiltration processing with the production of single-crystalline NaCl moulds that have been grown around a pyrolizable organic micropattern; Figure 1 the strings or fibres; we used nylon or carbon fibres, of diameter ranging from 100 to 6 µm. Some skill is needed to produce suitable crystals that can be pyrolized; in particular it is important to identify regions of the crystals that may contain trapped water and remove them by cleaving the NaCl crystals prior to pyrolysis. With suitable technique the end result is a single crystalline NaCl mould that espouses the shape of the former fibre and displays a surprisingly regular inner surface, as we show below.
Once produced and pyrolized, the moulds are filled with 99.99% aluminium using a gas-pressure infiltration apparatus; details of the infiltration procedure are given in the SI. This is followed by Resulting microcast aluminium wires have a diameter between 6 and 100 µm, Fig.1 .c-e, and a length typically ranging from 2 to 3 mm. X-ray diffraction shows that the aluminium wires are monocrystalline; this was verified for each sample reported here. Their crystallographic orientation is random in the sense that it cannot be pre-determined in the microcasting process; most likely, it is the chance orientation of whatever aluminium crystal first encountered the open cavity of the NaCl single-crystalline mould during metal solidification.
The as-cast wire surface roughness was investigated using atomic force microscopy (AFM). A few bumps, of maximum height around 80 nm, are present along their surface (perhaps residue coming from pattern pyrolysis); elsewhere, the root mean square roughness of the metal wire is ≈ 15 nm, which is similar to that of FIB milled specimens [30] .
Tensile testing apparatus
The tensile test machine is composed of two main components, namely a moving stage and a force Opposite to the moving stage, a removable load cell is fixed with a bolt. In each test, one of two Futek LPM200 load cells was used to measure the applied load on the wires; the load cell maximum force was 100 mN for wires of diameter below 50 µm and 500 mN for wires of diameter above 50 µm. According to the specifications given by the supplier, these load cells have a resolution of 0.3% of their respective nominal force at their nominal force. During the tests, the selected load cell was connected to a high-speed bridge module (NI-9237 from National instrument) that amplifies, samples (Analog to Digital Conversion), and buffers the signal. During the test, packets of 1000 measurement points (this being the buffer size) were continuously transferred to a computer, at a maximum rate of 50 kHz. This comparatively high sampling rate was chosen so as to be able to detect and measure the amplitude of recorded load drops (see below).
Displacement-force curves
The force-displacement signal recorded at roughly 50 Hz had a standard deviation of 0.012 mN and was used to plot the shear stress-shear strain flow curve of all tested samples. Raw data were processed by a home-written LabVIEW code using as input data the time-force-displacement data, the orientation of the wire previously determined using Laue diffraction (error: ± 2°), the initial diameter of the wire measured from a SEM image taken prior to tensile testing (error: ± 0.1 µm), and the gauge length of the tested wire, as measured from an image taken using a binocular microscope (error: ± 10 µm).
Stress and strain values were then converted to values of projected shear stress (using the Schmid law) and strain (using Eq. 4.14 in [32] ), assuming that the wires deform plastically by single slip along the system with the highest resolved stress. From these curves the critical resolved shear stress of each specimen was computed by measuring the resolved shear stress at 0.2% of plastic deformation (this flow stress value being somewhat arbitrary, we also computed the stress at the first load drop and the average of the stress at the onset of the first ten detected load drops, and found the same scaling of flow stress with wire diameter using those two alternate measures of yield stress).
Time-force data, recorded at a far higher frequency of 50 kHz, were used to investigate the statistics of intermittent displacement bursts that were found to characterize the plastic deformation of the microwires. To this end, a Labview code was written enabling the identification and measurement of the amplitude of individual displacement bursts; specifics are given in the Supplementary Information.
3D dislocation dynamics simulations
The dislocation dynamics simulations of this work are based on a code that was initially constructed to simulate the deformation of nickel micropillars, and adapted by adimensionalization to aluminium, for which it is suited given that both are face-centered metals of high stacking fault energy [35] . Two sizes, namely 20 × 20 × 50 and 6 × 6 × 50 µm 3 , and three orientations of deformation, namely [111],
[001] and [110] directions, were simulated. Samples were deformed under imposed uniaxial tension.
The aspect ratios of these pillars are significantly smaller than that of microwires; however, the simulation domain length is sufficiently high that such domains may be considered as non-interacting with the remainder of the experimental sample. Hence simulation results, including the initial flow stress and strain-hardening behaviour, should be representative of the microwires.
Isotropic elasticity theory was used in the simulations (aluminium is nearly isotropic). The Poisson's ratio was set at 0.31. We used the three-dimensional well parallelized dislocation dynamics code, Paradis, developed at Lawrence Livermore National Laboratory [36] , modified to include three distinct mechanisms of cross-slip of screw dislocations in fcc crystals discussed in the literature [15, 20, 21] , namely surface cross-slip, intersection cross-slip, and jog (bulk) cross-slip. The cross-slip activation energies and activation volumes with respect to different stress components were obtained from the literature [15, 20, 21] . The temperature of the simulations was 300K. Cross-slip of screw dislocations was checked for every 5000 timesteps in the simulations and implemented in a stochastic fashion as described in the literature [19] .
